technologies are being explored [2] [3] [4] for long-wavelength VCSELs, an alternative approach would be to use the confinement effects of photons in a microcavity light-emitting diode (MCLED) [5] [6] [7] [8] [9] .
An incoherent LED normally emits in many spontaneous modes. The light output is Lambertian and the power density is small. If, on the other hand, the recombination volume is shrunk to the order of the wavelength in the material, then the photon density of states is modified (develops singularities) and the emitted photons couple into the single-cavity resonance mode. The spontaneous emission rate can be greatly enhanced, accompanied by spatial coherence and increased directionality in the output. The increased spontaneous emission can lead to an enhancement in the modulation bandwidth. All these attributes make MCLEDs very attractive sources for fiber communication [6] . Additional potential advantages are high power efficiency, high fiber coupling efficiency, and low crosstalk in array applications, and simple processing accompanied by high device reliability. Some of the effects described above have indeed been observed in resonant, or planar, Fabry-Perot microcavities [10] [11] [12] [13] . These devices are generally characterized by a thick cavity with a photon-emitting region bounded by high reflecting mirrors . In current technology, these mirrors are multilayer dielectric or epitaxial semiconductor DBRs. Hence, they pose the same fabrication problems as VCSELs with InP-based materials. Of more interest are the properties of microcavities in which the photon mode densities are modified primarily by lateral confinement [14] , [15] . In principle, 3-D confinement in these devices can be obtained by incorporating mirrors in the top and bottom of the spacer, but this may not be necessary. In a practical device, the semiconductor-air interface should suffice. Our objective was, therefore, to study the effects of lateral confinement in cylindrical MCLEDs. Most of the work on the microcavities has been done at 0.8-0.9 m [10]- [17] and very little has been reported on 1.3 and 1.55 m MCLEDs [18] [19] [20] . The two device structures that are generally used to enable lateral mode confinement are etched air-post and oxide-confined, or apertured, microcavities. Surface carrier recombination dominates the characteristics of the former. The latter appears to be more promising and has been intensively investigated experimentally with the GaAs/AlGaAs material system in the context of VCSELs [21] [22] [23] [24] . The properties of oxide-confined GaAs/AlGaAs MCLEDs have also been reported [25] . In the InP-based LED heterostructure, we create the confining aperture by the wet oxidation of In Al As, whose oxidation properties have been studied by us and applied to 1.55 m 0018-9197/01$10.00 © 2001 IEEE VCSELs [26] , [27] . Decrease in the lateral aperture size in oxide-confined devices will result in increasing scattering loss due to phase discontinuity in the field at the abrupt index step boundary between the oxide and the unoxidized regions. It is, therefore, important to investigate the effect of aperture size on device performance.
In this paper we describe the measured characteristics of 1.6-m InP-based oxide-apertured MCLEDs. We have investigated two types of microcavity LEDs. The lateral photon confinement in both is achieved by forming apertured cavities. In the first structure no additional mirror is formed in the vertical direction. In the second, a DBR on top and a thin-film silver reflector in the bottom, to produce a cavity with a low of 35-45, is incorporated to investigate the effects of such weak confinement. An InP/InAlAs/InP double-oxide confinement structure has been incorporated in the device to achieve good lateral modal confinement for the small aperture sizes. As stated before, our primary objective was to study the changes in the properties of the MCLEDs when the lateral dimension for mode confinement approaches the wavelength in the material. The device structures are described in Section II. The measured characteristics are described and analyzed in Section III. The results are summarized in Section IV.
II. DEVICE FABRICATION

A. Lateral Oxidation of In Al As
Lateral wet oxidation of Al-bearing compounds is usually done in a N ambient saturated with water vapor, by bubbling the N through a water bath held at 90 C. Oxidation is done in time periods ranging from 1 to 6 h and temperatures ranging from 300 C to 500 C. While it is easy to achieve a high oxidation rate in Al Ga As due to the high Al content in the alloys that are usually oxidized in device structures, the relatively low Al content in In Al As lattice-matched to InP results in very low lateral oxidation rates [28] . The oxidation times are, therefore, long. Other materials, such as AlAsSb [29] and strain-compensated superlattice structures [30] , which have higher oxidation rates, are being investigated for use with InP-based heterostructures, but there are associated problems. With the oxidation of AlAsSb, an additional layer of residual elemental Sb forms above the oxidizing layer, deforming the surrounding layer, possibly posing limitations on its use in optoelectronic devices.
We have investigated the lateral oxidation rate of In Al As and have found that the alloy sandwiched between InP layers has a relatively high oxidation rate, compared to that confined between In Ga As layers, due to an easier channel for As loss provides in the InP/InAlAs/InP heterostructures [26] . In this work, we have utilized the InP/InAlAs/InP heterostructure and its lateral oxidation to provide lateral-mode confinement in microcavity LEDs.
B. Microcavity Light-Emitting Diodes
The LED heterostructures were grown by metal-organic vapor phase epitaxy (MOVPE). As shown in Fig. 1(a) , the devices are made with InP-based heterostructures and consist of an InGaAs bulk recombination region buried in InGaAsP or InP spacers of thickness ( m). A 120-nm thick In Al As layers are incorporated at both the top and bottom of the cavity, and appropriate -type (top) and -type (bottom) contact layers are included on both sides. Device processing starts with mesa patterning and wet etching down to the -InP layer, as shown in Fig. 1(a) , with an etch depth of 1.7 m. The mesas have diameters ranging from 10 to 50 m. Lateral wet oxidation of the InAlAs layer lasts for 6 h at 475 C, which results in a lateral oxidation length of 5.5 m. The exact oxidation length and aperture size are determined by cross-sectional scanning electron micrographs (SEMs), as shown in Fig. 1(a) . No deformations of the surrounding InP and InGaAsP layers in the heterostructure were detected in a close examination of cleaved samples, as shown in the magnified SEM micrograph of Fig. 1(a) . The moderate oxidation rate results in a higher quality oxide and a smaller density ( cm ) of interface states [31] , [32] . This is particularly important for devices with smaller aperture diameters. The resulting aperture, of diameters ranging from 1 to 30 m, provides both current confinement and lateral mode confinement. Formation of -and -type contact metals using evaporation, photolithography and lift-off techniques, polymide planarization and Ti/Al/Ti/Au interconnect formation complete device fabrication for the mirror-free LEDs. Some of the devices were isolated at this stage for testing. Processing was continued with the rest of the devices to form the top and bottom mirrors [ Fig. 1(b) ]. The substrate was lapped and polished down to m, and backside holes were selectively formed in the substrate, while 100 nm of silver was evaporated onto the backside to form a backside reflector with a reflectivity of %. Finally, MgF/ZnSe dielectric DBRs were evaporated on top of the devices. Due to the anisotropic wet-etching characteristics of InP in HCl:acetic acid:H PO to form the backhole, it was found desirable to orient the device along the [011] direction on the (001)-oriented wafers. Undercut produced during etching was significantly reduced in this direction. The of the cavity in the vertical direction is estimated to be 35-45.
From the measured current-voltage (I-V) characteristics, as shown in Fig. 2(a) , it was observed that the reverse leakage current of the oxide-confined devices was an order of magnitude smaller than that for air-post devices of comparable lateral size. Furthermore, from the measured light-current (L-I) characteristics [ Fig. 2(b) ], it was found that the output power and slope efficiency was higher by a factor of 2 in the oxide-confined devices.
III. DEVICE CHARACTERISTICS
A. Output Power and Efficiency
The measured light-current (L-I) characteristics of the MCLEDs with and without top and bottom mirrors are shown in Figs. 3 and 4 , respectively, for cavities of different lateral sizes (as defined by the oxide aperture). It may be noted that we have characterized devices over a large and continuous range of aperture sizes. While the larger devices show a more normal LED behavior, the smaller devices (aperture diameter less than 3 m) show a distinct "turn-on" at low bias currents. Furthermore, the saturation behavior is also not observed in the output of these devices. The turn-on could be due to a relatively large carrier loss caused by nonradiative surface recombination. The surface-to-area ratio of the mesas increases as the device size becomes smaller. Another contributing factor is the photon loss via the radiation modes in directions other than the vertical direction of the guided modes [14] . The maximum measured output power normal to the surface is 30 W at a bias of 30 mA for a device with an aperture size of 30 m, with a maximum responsitivity of 2.6 mW/A, which corresponds to a slope efficiency of 0.33%. It is interesting to note that if the initial zero-output region was not present, the output characterics would resemble the ideal behavior expected of a wavelength-sized MCLED. Shown in Fig. 5 is the output slope efficiency measured for devices with and without DBR and Ag mirrors. The slope efficiency monotonically decreases with decreasing lateral aperture size and then increases again for sizes smaller than 2 m. In fact, the efficiency for the 1-m devices is almost as high as that for the largest devices. The distinct enhancement in the smallest devices is most likely due to an enhancement in the spontaneous emission rate, as predicted in [14] and shown later in the calculated results of Fig. 6 . The important aspect to note here is that the enhancement in the spontaneous emission is observed even in devices without mirrors in the vertical direction. Therefore, it appears that lateral confinement is sufficient for realizing microcavity LEDs. Of course, higher power is attainable with the incorporation of mirrors.
The spontaneous emission rate, in terms of the joint electronic density of states, is [14] (1) where photon frequency at different modes; matrix element; volume of the active region; mode density; wave vector, photon energy; , electron and hole occupation function, respectively; , energies in the conduction and valence bands, respectively. The quasi-Fermi levels in the conduction and valence bands are adjusted so that the electron and hole densities in the intrinsic active region are equal. The spontaneous emission rate in a cavity can be found by converting the sum over the photon states into a frequency integral using the 3-D density of states multiplied by factors of 2 for degenerate linear polarizations of a plane wave mode and one third for the average over zone center Bloch functions [33] .
The calculations were performed for our DBR-free cylindrical cavities (InGaAs/InGaAsP/InP, ) confined laterally by oxide dielectric (Al O , ) for aperture radii ranging from 0.2 to 2.2 m. The results for the ratio of the spontaneous emission rate in the cavity to that without a cavity and with the same active area as a function of the radius is shown in Fig. 6(a) for an injected carrier density of cm , along with the measured efficiency for the cylindrical microcavities without vertical mirrors. The trend of the measured efficiency enhancement agrees well with the calculated spontaneous emission enhancement . It is apparent that for large cavities the spontaneous emission rate tends to the free-space rate. When the cavity radius becomes comparable to the peak wavelength of the light divided by the refractive index of the core , a considerable enhancement in (Fig. 6(a) ) and the fraction of photons emitted into the guided modes of the cavity is observed (Fig. 6(b) ).
The spectral output of the devices was measured and representative data are shown in Fig. 7 for a device with top and bottom mirrors and having an aperture radius of 5 m. The emission peak is observed at 1.6 m. The emission spectrum of the devices with top and bottom mirrors has a smaller linewidth (FWHM) than that of the devices without mirrors. The linewidth decreases from 60 meV for the mirror-less devices to 33 meV for the devices with 3-D confinement, which represents a reduction of 45%. It may be remembered that the active region material in our device is bulk In Ga As, for which the spontaneous emission linewidth at 300 K is 50-60 meV. Even broader linewidths, of the order of 90 meV, have been measured in large area InGaAsP LEDs [10] . The narrowing of the linewidth observed in the MCLEDs is related to the cavity in the vertical direction and further narrowing should be attainable by increasing the cavity finesse.
B. Far-Field Radiation Pattern
The far-field radiation pattern of devices with aperture diameters ranging from 1 to 30 m and with or without mirrors was measured by using a pinhole apertured Ge detector to collect the light intensity at different spatial positions. The collected light intensity is then normalized to obtain a spatial distribution of the output at far field. For devices with aperture sizes ranging from 3 to 30 m, the angular width (FWHM) of the pattern is . Smaller devices, with aperture diameter equal to 1 m, exhibit patterns with an angular width of 20 . The data are shown in Fig. 8 . In fact, the decrease in the FWHM is noticeable once the aperture size is reduced to less than 2 m. This is in reasonable agreement with the observed trend of the slope efficiency. Nonetheless, it should be noted that the observed onset of microcavity effect is for an aperture size which is still three times . This is in agreement with other reported data on GaAs-based microcavity light sources [25] .
While it is very unlikely that the 1-m device has only a single mode, nonetheless, the increase in directionality of the output indicates that there are, at best, a few modes and true microcavity effects are operative. It has been shown by Vurgaftman [14] and Schubert [15] that when the lateral cavity dimension, or aperture size, approaches , the output beam is vertically collimated with an intensity peak close to the origin. The considerable narrowing from 50 to 20 in the FWHM of the far-field pattern measured for the 1-m diameter MCLEDs is in agreement with theoretical predictions.
C. Small-Signal Modulation Bandwidth
Room temperature modulation response of the MCLEDs was measured by using a HP8510 network analyzer. The devices are driven with 10 dBm RF modulation power, superimposed through a bias-on a dc bias through a 100-GHz microwave probe. The output light is collected by a cleaved fiber, amplified, and detected by a high-speed photoreceiver. This detected signal is fed to the network analyzer. It was observed (Fig. 9 ) that while the 3-dB bandwidth of the larger devices varies between 0.4-0.5 GHz, the measured bandwidth of the 1-m device is 0.8 GHz, which represents an enhancement by a factor of 1.6. It was estimated that the bandwidth limited by extrinsic factors (diode capacitance, series resistance and other parasitic circuit elements) is at least 20 GHz for our high-speed ground-signalground (GSG) contact configuration, which is much larger than the measured bandwidths. We, therefore, believe that the measured values reflect intrinsic device properties. The bandwidths of 0.5 and 0.8 GHz translate to recombination lifetimes of 2 and 1.25 ns, respectively. It is interesting to note that an enhancement of the spontaneous emission rate by a factor of 5 and 2.3 in quantum dot microcavities has been reported by Gerald [17] and Graham [34] , respectively. It is important to consider the role of nonradiative recombination at the oxide-semiconductor interface and surface of the device, as the device size becomes smaller. This may account for a decrease in the recombination lifetime. However, the fact that the output power remains almost constant, in spite of a decrease in device size, and the observed directionality in output and enhancement of slope efficiency lead us to believe that the enhancement in modulation bandwidth is a true microcavity effect.
IV. CONCLUSION
When the recombination volume of light-emitting diodes is shrunk to the order of the wavelength , then the photon density of states is modified and there are one or few photon modes supported by the cavity. All the photons generated by recombination, or otherwise, are in these few modes. Such modal characteristics give rise to spatial coherence and a directional output. Furthermore, since the spontaneous emission rate can be enhanced, the modulation bandwidth is increased. All these attributes make microcavity LEDs very attractive sources for fiber communication. We report here on the properties of 1.6-m microcavity LEDs with lateral confinement provided by the oxidation of double In Al As layers.
The devices are made with InP-based heterostructures and consist of a InGaAs recombination region buried in InGaAsP spacers. Two types of MCLEDs have been tested, with and without mirrors in the vertical (output) direction. The cavity in the vertical direction for the device with mirrors is estimated to be 35-45. Devices with oxide-confined aperture sizes in the range of 1-30 m (diameter) have been tested. True microcavity effects have been observed in the smallest devices (1 m) irrespective of the presence of the mirrors. Thus, a more directional far-field pattern (FWHM ), enhancement of the output slope efficiency and an increase in the small-signal modualtion bandwidth by a factor of 1.6, have all been measured. The maximum power output of the devices is measured to be W. Our results indicate that useful MCLEDs can be realized with only lateral confinement to .
